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A B S T R A C T
The conservation of Islamic manuscripts in the Fondo Ka'ti created the opportunity to study the organic red
colourants applied in five manuscripts, which include a Koran (1198), a theology treatise (14th c.), a book of
poems from Al-Sarishi (15th c.), a biography of the Prophet (1468) and manuscript 19 (1485). These dark red
colours were characterized using fibre optic reflectance spectroscopy (FORS-VIS), microspectrofluorimetry and
infrared spectroscopy (microFTIR). Microspectrofluorimetry detected the presence of a lac dye chromophore in
all the manuscripts studied and ascribed it to specific medieval recipes for three of the manuscripts. This was
based on the very good matches obtained with our database of paint reconstructions that were prepared accord-
ing to medieval technical sources; the dark reds found in the Koran compared very well with the recipe ‘to make
red ruby from lukk’ from Ibn Bādīs text (11th c.); the brighter reds applied in the book of poems and in the biog-
raphy of the Prophet, with recipe 113 from the Paduan manuscript (16th c.). MicroFTIR completed the character-
ization of the paint formulation, identifying the proteinaceous nature of the binding media as well as the fillers.
It also showed the presence of oxalate compounds, possibly, resulting from the binding media degradation, a
mark of the recent and dramatic history of these books. Finally, these red dyes were successfully compared to lac
dye colours previously characterized in 12th-13th c. Portuguese manuscript illuminations. From Mali to Iberia,
tracing the rich diversity of a precious heritage legated by medieval Arabic culture.
1. Introduction
The rescue and conservation of a group of Islamic manuscripts, from
Timbuktu, Mali, created the opportunity to study the materials and tech-
niques used to illuminate these medieval books [1–4]. In this work, we
focused on the molecular characterization and degradation assessment
of the red dyes. The organic purples applied in the Theology treatise and
all the inorganic pigments will be discussed in another publication as
part 2 of this work.
These manuscripts are now preserved at the Timbuktu Andalusian
Library (Biblioteca Andalusi de Tombuctu, Fondo Ka'ti), and its presi-
dent, Ismael Diadié Haїdara, dated them between the 12th c. And the
15th c and made a first classification as follows; a Koran (1198), a
theology treatise (14th c.), a book of poems from Al-Sarishi (15th c.),
a biography of the Prophet (1468) and manuscript 19 (1485). There-
after referred to as Koran, Mss19, Al-Sarishi poems, Prophet biography and
Theology treatise. Except for the Koran, applied on parchment and paper
over parchment, all other manuscripts are written and illuminated on
paper support.
This research will increase our knowledge on the materials and tech-
niques of manuscripts produced in al-Andalus, particularly in the use of
historical dyes.
1.1. The manuscripts of Fondo Ka'ti
The five manuscripts were produced either in Andalusian territory
or under the Arab diaspora. Until 2012, the manuscripts were
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stored in Timbuktu's libraries [5–9], when their integrity was at risk due
to the imposition of the Sharia law by a faction of the Tuareg tribe. It
was possible to rescue more than 370,000 manuscripts, in a plan coordi-
nated by Abdel Kader Haїdara, and for which many people risked their
lives for the safeguard of their cultural heritage [6–8]. To avoid their
destruction, these works were hidden and transported in dramatic con-
ditions [9].
1.2. State of art on the characterization of organic red colorants in Islamic
manuscripts
Dye characterization in medieval illuminations is a challenging en-
deavour [2–4,10,11], as we need to address the fundamental chro-
mophore as well as the full “formulation” to get in-depth knowledge
about the culture that produced these precious colours - which are
centuries or even millennia - old [12,13]. High performance liquid
chromatography with diode array detection and mass spectrometry
(HPLC-DAD-MS) combines high separation power with a complete dye
characterization, but only in exceptional cases it will be possible to have
a micro-sample from an illumination with enough material to be ex-
tracted for HPLC. For this reason, for dye identification, our group de-
vised other approaches that combine high spatial resolution, with the
highest sensitivity (microfluorimetry) and a molecular fingerprint (sur-
face-enhanced Raman spectroscopy -SERS) [2,3]. To gain an insight into
the paint formulations, we included fibre optic reflectance spectroscopy
in the visible (FORS) and Fourier-transform infrared spectroscopy (mi-
croFTIR). In situ techniques, such as microfluorimetry and FORS, can
only be used for an in-depth analysis if supported by a made-to-measure
reference database such as the one we have been building, over the past
15 years, based on studying and reconstructing the medieval processes
for making pigments and paints that were used to create medieval man-
uscript illuminations [14–16].
To the best of our knowledge, in only three publications organic
colourants were unequivocally identified in Islamic manuscripts; in-
digo was detected by Raman microscopy and HPLC-DAD by Lucia
Burgio (and co-workers) [17] and Teresa Espejo Arias (and co-work-
ers) [18], respectively; carminic acid was characterised by SERS, by
A. El Bakkali and co-workers [19]. The other publications rely es-
sentially on energy dispersive X-ray fluorescence (EDXRF) and FORS
that will give an indication of the possible colourants present; in the
majority of the cases authors have proposed the use of “cochineal”
[20–23], and in one publication of “kermes” [21], Table 1. With
FORS it is possible to discriminate between families of chromophores
such as flavonoids and anthraquinones; for the latter, it is also possible
do distinguish between anthraquinone rings either bearing or not bear-
ing a carboxylate group. This is relevant because it allows to differenti-
ate between anthraquinone chromophores produced by parasitic insects
(e.g., carminic, kermesic and laccaic acids) from anthraquinones of veg-
etal origin Figs. 1 and 2. The main results and analytical techniques for
the study of organic colorants in medieval Islamic manuscripts are sum-
marized in Table 1 [17–28].
Another source of information on the dyes used are medieval tech-
nical texts and textile studies in the Islamic world, which show that the
main colorants used to produce reds are anthraquinone and brazilwood
based [29,30].
2. Materials and methods
2.1. The manuscripts and overall modus operandi
This project encompasses the study of five manuscripts, specifically a
Koran, Mss 19, Al-Sarishi poems, Prophet biography and Theology treatise.
The dating and typology of the manuscripts were defined by the pres-
ident of the Fondo Ka'ti, Ismael Diadié Haїdara. All the details on the
manuscripts can be found on Table S1.
The first screening of the manuscripts was carried out by FORS and
microEDXRF. For each of the five manuscripts 3 folios were analysed,
except for the Koran and Mss19, with 4 and 6 folios analysed respec-
tively, and for each colour data was acquired in three areas, in a total
of three points per area per folio: Koran (fols 1, 30, 47 and 70), Mss 19
(fols 18, 19, 109, 110, 217 and 218), Prophet biography (fols 1, 4 and
107), Al-Sarishi poems (fols 1, 4 and 10) and Theology treatise (fols 17, 43
and 70). This allowed to select areas to be analysed by microRaman and
sampled for microFTIR allowing us to characterize pigments, binders
and gain insight into the full paint formulation. One or two areas per
colour per manuscript were selected for microsampling, except for the
Al-Sarishi poems were only vermilion red was sampled, due to the fragile
condition of the support. MicroRaman was used in situ, with 3 points per
colour per folio, or in microsamples. Microspectrofluorimetry was then
used for both in situ and microsample analysis to identify the colorants
present. The criteria for the selection of the folios for analysis was based
on ensuring that all the colours present in the manuscripts were part
of the selected folios and that they encompassed as much variability as
possible.
Table 1
Organic dyes identified in Arabic illuminated manuscript, with information on the date of the manuscript, analytical technique used for the dye identification and spectral data published.
Dyes⁠a Manuscript date Analytical technique Spectral data References
Cochineal red 12th - 15th c. μ-XRF; DRS n.a. Deroche F. et al., 2005 [20]
Cochineal red
Kermes red
9th - 11th c. DRS; μ-XRF; MO n.a. Roger-Puyo P. et al., 2015 [21]
Not found 10th - 11th c. μ-XRF; μ-Raman n.a. Hamdan N. M. et al., 2012 [22]
Cochineal red 10th - 19th c. DRS; MO; μ-XRF λ⁠abs: 500,525,561nm⁠b Roger P. et al., 2004 [23]
Not found 14th c. μ-XRF; μ-Raman n.a. Duran A. et al., 2011 [24]
Not found 14th - 16th c. n.a. n.a. Beny A. et al., 2015 [25]
Organic red 16th - 18th c. μ-Raman; SEM-EDX SEM-EDX: Ca, Al, K, S Tanevska V. et al., 2014 [26]
Not found n.a. MO; μ-XRF; Chromatography n.a. Arias T. 1997 [27]
Not found n.a. MO; μ-XRF; μ-Raman n.a. Biddle M. 2011 [28]
Cochineal n.a. μ-Raman; SERS; DRS λ⁠abs.: 500,528,570 nm
SERS: 1582,1444,1330,1223 e 482 cm⁠−1⁠b
El Bakkali A. et al., 2012 [19]
Indigo 16th - 18th c. μ-XRF; μ-Raman μ-Raman: 546,599, 1575, 1584 cm⁠−1⁠b Burgio L. et al., 2008 [17]
Indigo 11th - 17th c. DRX; SEM/EDX; μ- FTIR; HPLC; HPLC: indigotin Arias T. et al., 2008 [18]
a Names given by the authors.
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Fig. 1. Apparent absorbance spectra for anthraquinone lake pigments obtained from (⁠_)
Rubia tinctorum roots, (⁠_) Kerria lacca, (⁠…) Dactylopius coccus, applied as paints; the first
and latter with arabic gum in paper, and the Kerria lacca with egg white in parchment.
Fig. 2. Chemical structures of laccaic acids A to D (B, R=CH⁠2CH⁠2OH; C,
R=CH⁠2CHNH⁠2COOH; E, R=CH⁠2CH⁠2NH⁠2) and erythrolaccin. Laccaic acid A is the main
chromophore extracted from sticklac and displays a red to carmine colour; erythrolaccin
is yellow and is usually found in the resin.
2.2. Historically accurate reconstructions
The historically accurate reconstructions of lac dye have been pre-
pared within the scope of a doctoral thesis, and more details can
be found in previous publications in which these reproductions have
been described [31–38]. For lac dye, fourteen recipes were selected
from eight treatises/recipe books: Ibn Bādīs manuscript (c. 1025) [33],
Mappae clavicula (9th–12th c.) [34], Livro de como se fazem as cores
(‘book of all colour paints’, 15th c.) [35], the Le Begue manuscript
(1431) [36], the Bolognese manuscript (15th c.) [36], the Strasbourg
manuscript (15th c.) [37], the Montpellier manuscript (15th c.) [38]
and the Paduan manuscript (late 16th to 17th c.) [36]. The main
steps for the reproduction of lac dye lake pigments are common to
all recipes. The resin, sticklac, is ground and a basic solution is added
and then is filtered to remove impurities of the lac and its residual
resin. Some recipes are complete at this point and do not add a com-
plexing agent as a forth step. In other recipes, Al⁠3+ in the form of
alum is added, to precipitate the colorant. In this work, three recipes
of lac dye will be used for comparison with the Islamic organic red
colorants: chapter 6 (‘red ruby from the lukk’) from the Ibn Bādīs
manuscript, recipe 113 from the Paduan manuscript and chapter 13
(‘para fazeres nobre karmen’) of the Livro de como se fazem as
cores. For all three recipes the lac is added to water and no alum is pre-
sent. For the first, the recipe for red ruby of Ibn Bādīs, borax and sodium
carbonate from ashes, are also added; for recipe 113 of the Paduan man-
uscript, tartar is added at the beginning; and for chapter 13 of the Livro
de como se fazem as cores, the extraction is carried out with urine and
quicklime and ashes are then added. For a detailed description please
see Ref. [31] and Table S2, for the transcription of the recipes.
2.3. Equipment
2.3.1. Micro-sampling
Micro-sampling of the manuscripts was performed with a mi-
crochisel from Ted Pella microtools under a Leica KL 1500 LCD micro-
scope, (7.1x to 115x objective) and a Leica Digilux digital camera, with
external illumination via optical fibers. Micro-samples were taken under
a microscope, typically of 20–50μm in diameter and as such invisible to
the naked eye; as we have not yet obtained their weight, even though
micro-scales have been used, we can use its detection limit to conclude
that they weigh less than 0.1μg.
2.3.2. Energy dispersive X-ray fluorescence (microEDXRF)
MicroEDXRF results were obtained using an ArtTAX spectrometer of
Intax GmbH, with a low-power molybdenum (Mo) X-Ray tube attaining
a microspot with a spatial resolution of circa 70μm, an X-flash detec-
tor refrigerated by the Peltier effect (Sidrift), sustained by a mobile arm
(providing a major freedom in choosing the spot of analysis). The accu-
racy of the incident beam position on the sample is achieved through
three beams crossing diodes controlled by an integrated CCD camera;
the characteristic X-rays emitted by the sample (at 40°) are detected
by a silicon drift electro-thermally cooled detector with a resolution of
160eVat Mn-Kα. This apparatus allows for a simultaneous multi-ele-
ment analysis in the element range from Mg (magnesium, atomic num-
ber 12) to U (uranium, atomic number 92). The experimental parame-
ters used were: 40kV of voltage, 300μA of intensity, for 120s, under
Helium gas flux. Si, Mn, Cu and Pb standards were used as calibration
standards in the beginning and at the end of each day of data acquisi-
tion.
2.3.3. Fibre optic reflectance spectroscopy
The reflectance spectra were obtained with a reflectance spectropho-
tometer Ocean Optics, MAYA 2000 Pro, with single beam optical fibres,
equipped with a linear silicon CCD detector Hamamatsu, with a spectral
range of 200–1060nm. The light source is a halogen lamp Ocean Op-
tics HL-2000-HP, 20W output, with a spectral range of 360–2400nm.
The analyses were obtained with 8ms integration time, 15 scans, 8 box
width, and acquired at 45°/45° (light source/acquisition), with a spatial
resolution of 2mm. To calibrate the equipment a white reference was
used, Spectralon⁠® standard. The spectra were acquired in reflectance
mode and presented as apparent absorbance A’=log10 (1/R).
2.3.4. Microspectrofluorimetry
Fluorescence excitation and emission spectra were recorded with
a Jobin–Yvon/Horiba SPEX Fluorog 3–2.2 spectrofluorometer hyphen-
ated to an Olympus BX51M confocal microscope, with spatial resolu-
tion controlled by a multiple-pinhole turret, corresponding to a mini-
mum 2μm and maximum 60μm spot, with 50× objective. Beam-split-
ting is obtained with standard dichroic filters mounted at 45°; they are
located in a two-place filter holder. For a dichroic filter of 525nm,
excitation may be carried out until about 510–515nm and emission
collected after about 530–535nm (“excite bellow, collect above”). The
optimization of the signal was performed daily for all pinhole aper-
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facturer's instructions, using a rhodamine standard (or other adequate
reference). Standard dichroic filters of 525 and 600nm were used where
the emission spectra were acquired exciting at 515nm and excitation
spectra were recorded collecting the signal at 610nm. This enables both
the emission and excitation spectra to be collected with the same fil-
ter holder. A continuous 450W xenon lamp, providing an intense broad
spectrum from the UV to near-IR, is directed into a double-grating
monochromator, and spectra are collected after focusing on the sam-
ple (eye view) followed by signal intensity optimization (detector read-
ing). The pinhole aperture that controls the area of analysis is selected
based on the signal-to-noise ratio. Usually, for weak to medium emit-
ters, it is set to 8μm (pinhole 5); in this work, for very weak signals
30μm spot was also used (pinhole 8) with the following slits set, emis-
sion slits=3/3/3mm and excitation slits=5/3/0.8mm. Emission and
excitation spectra were acquired on the same spot whenever possible.
For more information please see Refs. [10,11].
2.3.5. Fourier transform infrared microspectroscopy (microFTIR)
Infrared analyses were performed using a Nicolet Nexus spectropho-
tometer coupled to a Continuμm microscope (15x objective) with a
MCT-A detector cooled by liquid nitrogen. The spectra were collected
in transmission mode, in 50μm areas, resolution setting 4 or 8cm⁠−1
and 128 scans, using a Thermo diamond anvil compression cell. For
some infrared spectra the system was purged with nitrogen prior to
the data acquisition; for all infrared spectra the CO⁠2 absorption at
circa 2400-2300cm⁠−1 was removed from the acquired spectra (4000-
650cm⁠−1). To improve result robustness, more than one spectrum was
acquired from different sample spots.
2.4. Chemometric analysis based on excitation spectra
The data from the case studies was compared with databases for
red lake pigments resourcing to a chemometric analysis method [4].
The first database is built up from historically accurate reproductions
composed of brazilwood, cochineal, lac dye, and kermes. For the sec-
ond approach, the database is built up of data from artworks from me-
dieval manuscripts to textiles (11th – 15th c.) where lac dye, cochineal
and brazilwood were identified. The chemometric analysis was based
on Hierarchical Cluster Analysis (HCA) resourcing to the Ward's algo-
rithm and the Mahalanobis distance. For the first database, the HCA
method was fed with scores resulting from a principal component analy-
sis of the dataset. For the second, the HCA algorithm was fed with
spectral data (not requiring a previous PCA step). In both cases, exci-
tation spectra were preprocessed by applying the 1st derivative (2nd
order) followed by the Haar transform. Normalization by area (unit
area) is also typically used for the analysis of
fluorescence data and was also considered and applied subsequently to
the first two methods.
3. Results and discussion
In a first observation, the manuscripts' support displayed a reduced
pliability and low mechanical strength. No extensive paint loss was ob-
served, except for the Koran, where we found only traces of the original
colours, Fig. S1. EDXRF analysis detected only the chemical elements
of the paper support, indicating the presence of organic based red col-
orants. The organic red colorants in all 5 manuscripts studied are per-
ceived as dark reds, Fig. 3. When used for writing and drawing, in each
manuscript, no distinction was found.
3.1. Characterization of the main chromophores
3.1.1. Microspectrofluorimetry in the visible
The emission and excitation spectra for the dark red inks/paints are
plotted in Fig. 4, together with the best matches we obtained with his-
torical medieval paint reproductions. In all cases the best match was ob-
tained with a lac dye based colour; for Al-Sarishi poems, Prophet biogra-
phy and Koran the match with the database is very good, enabling a safe
assignment of the presence of a lac dye red.
In the Koran, generally, we obtained spectra with very low inten-
sity, and it is important to remember that in this document we do not
find intact paints, but traces, as seen in Fig. S1. In all excitation spec-
tra, the presence of the shellac resin was detected through erythrolaccin
(max at 474nm) [3], and a good match with Ibn Bādīs red was obtained
[31,32,38], Fig. 4. For the emission spectra, we found both the spectral
envelope depicted in Fig. 4 as well as another emission signature with
maxima at 560nm and a shoulder at 585nm, Fig. S2. In both cases, the
match of Ibn Bādīs red colorants' with the emission spectrum represen-
tative of the red chromophore present in the Koran is not satisfactory.
Characterized by a maximum at 592nm and a shoulder at 607nm,
the emission spectrum of Mss 19 compares well with what is described
for the red colorants in the Koran, and therefore the closest match is
again with the reproduction from the treatise of Ibn Bādīs.
The reds used in Al-Sarishi poems and Prophet biography display
similar emission and excitation spectra and for that reason, in Fig.
4, we only represent the spectra for Al-Sarishi poems (emission max-
ima found at 582 and 604nm; and excitation at 517 and 551nm).
The spectra obtained agree very well with the reconstruction described
in Paduan manuscript as 113 [31–33], characterized by a L* = 53,
a* = 24 and b* = 7; i.e., a red colour with a small component in the
yellow. These are perceived almost as carmines and are lighter than
Fig. 3. Details of the red colorants used in the drawing (top) and writing inks (bottom), in the illuminated manuscripts studied. Usually based on lac dye, except for the following case
studies; vermilion and an iron-gall based chromophore were detected in the writing ink used in In Mss 19 (2nd detail, bottom); in the Theology treatise an organic purple was used in the
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Fig. 4. Excitation and emission spectra for the organic red colorants in Islamic manuscripts (black), compared with historically accurate reconstructions of lac dye paints (grey). For the
Koran and Mss 19 with recipe for red ruby of Ibn Bādīs; for Al-Sarishi poems and the Theology treatise (as well as for Prophet biography, not shown) with recipe 113 of Paduan manuscript.
For more details please see text. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
the dark reds from the other manuscripts that will be next described,
Fig. 3.
The colorant found in the Theology treatise is characterized by an
emission and excitation spectra shifted to lower wavelengths (emission
and excitation maxima at 583nm and 532nm, respectively) when com-
pared to Al-Sarishi poems. In this case, it was not possible to find a refer-
ence that could match closely with both spectra; one of the best matches
obtained was with the carmine colour produced following the recipe
113 from Paduan manuscript.
The low intensities obtained in the excitation spectra of the dark
red colours indicate that these colours are not based in Al⁠3+ complexes
(when this is the case we observe a tenfold increase in the signal inten-
sity), or, if present, they are not the major chromophore. Overall, the
matches with Ibn Bādīs red ruby and Paduan 113 confirm these conclu-
sions as these colours were prepared without the addition of alum.
3.1.2. FORS in the visible
Generally, the reflectance spectra acquired match the same paint re-
productions as the fluorescence spectra, as follows: the spectrum of the
red colorants of Koran and Mss 19 display a satisfactory correlation with
recipe for Ibn Bādīs’ red ruby; Al-Sarishi poems and Prophet Biography
with recipe 113 from the Paduan manuscript, Fig. 5. On the other hand,
the Theology treatise displays a better match with chapter 13 of the ‘book
of all colour paints’ (and not with 113 from Paduan manuscript as was
the case with emission and excitation spectra [31–34]. In these spec-
tra, the first band is attributed to the reflectance from the support, at
400nm for paper and 375nm for parchment; possibly due to the lower
thickness of the original colours when compared with our reproductions
(reflectance spectra for parchment and paper are found in Fig. S3). Also,
the chromophore is not as well defined as in the reproductions, Fig. 5.
3.1.3. Chemometrics based on microspectrofluorimetry data
A chemometric model was applied to verify if additional information
could be extracted from the fluorescence spectra. The analysed samples
were tested against two databases of spectra from (i) historically accu-
rate reconstructions of lac dye, brazilwood, cochineal and kermes and
from (ii) historical samples dated from 11th-15th c [4]. An unsupervised
modelling was chosen, hierarchical cluster analysis (HCA), Fig. S4. For
the comparison with samples from the first database, the HCA method
was fed with five principal components. These principal components
were generated from a previous PCA model. In agreement with the mi-
crospectrofluorimetry analysis, generally, all the organic red colorants
were clustered as lac dye, Fig. S4. A more detailed analysis shows that
the Prophet biography, Al-Sarishi poems and Mss 19 are also close to the
kermes cluster. The Theology treatise, however, was more difficult to pre-
dict, and although it falls within the lac dye cluster, it alters the model
greatly. These results show that for the Theology treatise the model could
not add any relevant information.
Another approach was attempted, now comparing the testing sam-
ples against a database of historical samples, artworks from medieval
manuscripts to textiles (11th – 15th c.) where lac dye, cochineal or
brazilwood were present as the main chromophores. With this approach
the results were substantially improved. With this database it was found
that better results arose without the use of PCA, so the HCA algorithm
was fed directly with pre-processed spectra. Considering the excitation
spectra dataset alone, the HCA method revealed a successful clustering
of the colorants, as seen in Fig. 6. The model considers the data from the
Theology treatise, the Al-Sarishi poems and the Prophet biography within
the lac dye cluster, similar to the lac dye reds used in the Book of Birds
(1183–4) produced in the scriptoria of the monastery Saint Mammas
of Lorvão (Lorvão 5). The dark reds in this manuscript are character-
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Fig. 5. Apparent absorption spectra for the organic red colorants found in Islamic manuscripts (black), compared with historically accurate reconstructions of lac dye (grey). For the Koran
and Mss with an Ibn Bādīs paint for red ruby; for Al-Sarishi poems with recipe 113 of the Paduan manuscript; and for the Theology treatise with chapter 13 of the ‘book of all colour paints’.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
Fig. 6. Dendrogram generated by HCA applied to excitation spectra using a model composed of data acquired from artworks (lac dye (blue), cochineal (green) and brazilwood (red)). The
data from the Islamic manuscripts was predicted within the model (light blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
553nm, and emission maximum at 587nm; which compares well with
the excitation maximum at 517nm with a shoulder at 551nm, and
emission maximum at 582nm for the red colours in the Al-Sarishi











M. Vieira et al. Dyes and Pigments xxx (xxxx) xxx-xxx
presence of shellac resin found in the Theology treatise, the model pre-
dicts it similar to the Book of Birds.
The Koran colorants' are also found in the lac dye cluster, sharing
similarities with the manuscript Lorvão 13 (13th century), with excita-
tion maxima at 472nm and emission at 591nm.
For the Mss19, however, it appears that the model locates this sam-
ple between the lac dye and the cochineal clusters, unable to place it
with certainty within a colorant class.
As an overview, in Fig. 7, we represent the spectra for the organic
red colorants found in Islamic manuscripts compared with real case
studies of medieval Portuguese manuscripts. As expected by the fluo-
rimetry discussion, where the low intensities obtained in the excitation
spectra indicate that these colours do not present in Al⁠3+ complexes as
the main chromophores, also in this model all the samples were pre-
dicted within a cluster of lac dye reds in which Al⁠3+ is absent or present
in very low amounts.
At this point, these results reveal that other molecular fingerprint
techniques, such as surface-enhanced Raman spectroscopy, should be
used to confirm the identification of the red colorants present in Theol-
ogy treatise and Mss 19.
3.2. Characterization of the paints
3.2.1. Binding media characterization by infrared spectroscopy
The discussion of the binders used is more complex and will be car-
ried out by comparison with original samples from Portuguese monastic
collections (12th-13th c.), because we studied it in-depth and the num-
ber of spectra acquired makes it a robust dataset [4]. In the scriptoria of
these three important Portuguese monasteries, a variety of lac dye red
paints were prepared; e.g. fillers could be or not present (calcium car-
bonate or/and gypsum), different proportions of shellac resin and pro-
teinaceous binder have been found [1,3,31].
The infrared spectra of red colorants in Koran, Theology treatise,
Prophet biography and Mss 19 are represented in Fig. 8. The presence
of the C-H stretching at 2924 and 2853cm⁠−1 is very clear in all Ko-
ran infrared spectra, confirming unequivocally the presence of shellac
resin as anticipated by the fluorescence spectrum. A very good match
was found with a lac dye red used to paint the Dove diagram in Lorvão
Book of birds, Fig. 8. The shellac resin spectral envelop in the finger-
print region also compare well with shellac. Overall, the two medieval
paint spectra match well, and the main differences observed are in the
amount of proteinaceous binder, higher in the Portuguese colour.
A clear proteinaceous fingerprint is observed in the spectra from red
paints in Prophet biography and Mss 19, but the presence of shellac resin
could not be detected, possibly because if falls below the detection lim-
its of this technqiue (<10%). For these samples a very good match was
found with the carmine colour used to paint the initial in fol. 1v of the
monumental Bible of the Holly Cross monastery, Santa Cruz 1 (except
for the presence of calcium carbonate, present in low amounts in these
Portuguese paints, but not detected in the Islamic manuscripts), Fig. 8.
On the other hand, in the Theology treatise, a perfect match was
found with a polysaccharide such as mesquite gum, Fig. 8.
3.2.2. Assessing degradation by infrared spectroscopy
Calcium oxalate was detected in most of the samples (through the
sharp bands at 1625 and 1323cm⁠−1). It was present in higher amounts
in Koran and Mss 19 dark reds. Nati Salvadó and co-workers, proposed
that the presence of calcium oxalate, as weddellite (dihydrate form)
and/or whewellite (monohydrate) in Cataluña medieval paints, may be
ascribed to the binding media degradation [39]. Considering the small
number of microsamples that we studied in this work, this cannot be
used to conclude that in these manuscripts red colours display a higher
level of degradation. However, we think it is possible to conclude that
overall, they display more binder degradation than what was found in
12th-13th c. Portuguese carmine paints.
In f. 30r of the Koran, in the dark red colour, we detected for the
first time the presence of a soap, which we assign to calcium palmitate
by comparison with its C-H stretching at 2916 and 2850cm⁠−1 as well as
carboxylate bands at 1574 and 1540cm⁠−1, Fig. 9.
Fig. 7. Excitation and emission spectra for the organic red colorants found in Islamic manuscripts (black), compared with case studies of medieval Portuguese manuscripts, from monastery
of Saint Mammas of Lorvão, (grey). For the Koran and Mss 19 with the Lectionarium Temporale, Lorvão 13; for Al-Sarishi poems and the Theology treatise the comparison is made with the
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Fig. 8. Infrared spectra for the organic red colorants found in Islamic manuscripts: from up to bottom, left to right, Koran (black) with the Book of birds from the monastery of São Mamede
of Lorvão (red) and lac dye reference (grey); comparison between the Mss 19 (black) and the Prophet Biography (grey); Theology treatise (black) with mesquite gum reference (grey); and Bible
of the monastery of Santa Cruz of Coimbra (black) with egg white reference (grey). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
Fig. 9. Infrared spectra for the organic red colorant found in the Koran, f. 30r (black), with
reference of calcium palmitate (grey) and fingerprint of calcium oxalate (●).
4. Conclusions
For the first time the use of lac dye in Islamic manuscripts was
unequivocally proved. For the red inks used in the Koran, Al-Sarishi
poems and Prophet biography it was possible to further ascribe a spe-
cific recipe to produce the colorant and to disclose the paint formula
tion. In the Koran, lac dye cannot be present as a Al⁠3+ complex, and in
Al-Sarishi poems and Prophet biography our data indicate that possibly
Al⁠3+ complex cannot represent the main chromophore. Additives and
binding medium further disclose the richness and specificities of these
formulations: all lac dye based, but all different. Chemometric analysis
confirmed these assignments and further matched the colourants with
data from Portuguese manuscript illuminations, the Book of Birds and
Lectionarium Temporale from the monastery of Saint Mammas of Lorvão,
Lorvão 5 and Lorvão 13, respectively.
In previous studies, for organic red colorants only “cochineal” or
“kermes” have been identified. Importantly, with one exception [19],
the identifications have been based on FORS-VIS data. For this reason,
they must be considered with caution, as although this technique is
able to distinguish between traditional anthraquinone dyes of animal or
plant origin, Fig. 1, and to indicate the main chromophore present, it
cannot assess its precise nature (kermesic, carminic or laccaic acids), in
ancient manuscripts.
On the other hand, for the dark reds applied in the Theology trea-
tise, in situ methods supported by a robust data base of medieval recon-
structions could not provide an unequivocal molecular characterization
of the main chromophore.
This study shows, for the first time, the importance of lac dye in
al-Andalus manuscripts, highlighting the richness and diversity of the
paint formulations used. The very good spectral matches with both flu-
orescence emission and excitation spectra as well as with infrared data
enable us to conclude that the chromophore is well preserved, but the
binding media show signs of severe degradation. The presence of lac dye
in these manuscripts agrees with the historical sources and the use of











M. Vieira et al. Dyes and Pigments xxx (xxxx) xxx-xxx
Acknowledgments
We are grateful for helpful discussions to all team members of the
project IMAN- “Investigación y análisis para el conocimiento y la preser-
vación de un patrimonio documental: los manuscritos andalusíes”; PI
Lourdes Martín García; and, for the expert knowledge shared by Mónica
Santos Navarrete, Rafael Valencia and Marta Pavón.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.dyepig.2019.03.061.
Conflicts of interest
The author declares that she has no competing interests.
Availability of data and materials
Most of the data on which the conclusions of the manuscript rely is




Ethics approval and consent to participate
Not applicable.
Funding
These studies were supported by the Portuguese Science Founda-
tion through three research projects and three Ph.D. Grants, includ-
ing the three awarded to Paula Nabais, Rita Araújo and Eva Mariasole
Angelin (CORES Ph.D. programme PD/00253/2012: PD/BD/105895/
2014, SFRH/BD/52314/2013 and PD/BD/114412/2016), and through
the Associate Laboratory for Green Chemistry- LAQV which is financed
by national funds from FCT/MCTES (UID/QUI/50006/2019) and co-fi-
nanced by the ERDF under the PT2020 Partnership Agreement
(POCI-01-0145-FEDER - 007265). Support was also given by the
Calouste Gulbenkian Foundation award ‘Estímulo à Investigação 2016’
(146301). The Spanish Ministry of Economy and Competitiveness for
project IMAN (Investigación y análisis para el conocimiento y la preser-
vación de un patrimonio documental: los manuscritos andalusíes),
HAR2016-77482-R.
References
[1] M.J. Melo, R. Castro, A. Miranda, Colour in medieval Portuguese manuscripts: be-
tween beauty and meaning, in: A. Sgamellotti, B.G. Brunetti, C. Miliani (Eds.), Sci-
ence and art: the painted surface, Royal Society of Chemistry, London, 2014. ISBN:
978-1-84973-818-7, pp. 170–192.
[2] M.J. Melo, P. Nabais, M. Guimarães, R. Araújo, R. Castro, M.C. Oliveira, et al., Or-
ganic dyes in illuminated manuscripts: an unique cultural and historic record, Phil
Trans R Soc A 374 (2016) 1–20, https://doi.org/10.1098/rsta.2016.0050,
20160050.
[3] R. Castro, F. Pozzi, M. Leona, M.J. Melo, Combining SERS and microspectrofluo-
rimetry with historically accurate reconstructions for the characterization of lac
dye paints in medieval manuscript illuminations, J Raman Spectrosc 45 (2014)
1172–1179, https://doi.org/10.1002/jrs.4608.
[4] P. Nabais, M.J. Melo, J.A. Lopes, T. Vitorino, A. Neves, R. Castro, Microspectroflu-
orimetry and chemometrics for the identification of medieval lake pigments, Herit
Sci 6 (2018) 13, https://doi.org/10.1186/s40494-018-0178-1.
[5] I. Diadé, M. Pimentel Siles, Tombuctú: andalusíes en la ciudad perdida del Sáhara,
Editorial Almuzara, Córdoba, 2015. ISBN: 978-8416392278.
[6] C. English, The treasures of Timbuktu, The New York Times, 2017 https://www.
nytimes.com/2017/05/12/opinion/the-treasures-of-timbuktu.html, Accessed 4 De-
cember 2018.
[7] International project, Safeguarding the Manuscripts of Timbuktu, Centre for the
stufy of manuscripts cultures, Universitat Hamburg, 2017 https://www.
manuscript-cultures.uni-hamburg.de/timbuktu/index_e.html, Accessed 4 December
2018.
[8] J.O. Naranjo, Resgate épico de 377.491 livros que estavam nas mãos de jihadistas,
In: El país – internacional, 2017 https://brasil.elpais.com/brasil/2017/10/30/
internacional/1509359099_243826.html, Accessed 4 December 2018.
[9] L. Meltzer, L. Hooper, K. Gerald, Timbuktu: script and scholarship, Tombouctou
Manuscripts Project and Iziko Social History Collections Department, Cape Town,
2008. ISBN: 9781874817352.
[10] M.J. Melo, A. Claro, Bright light: microspectrofluorimetry for the characterization
of lake pigments and dyes in works of art, Acc Chem Res 43 (2010) 857–866,
https://doi.org/10.1021/ar9001894.
[11] A. Claro, M.J. Melo, S. Schäfer, J.S. Seixas de Melo, F. Pina, K.J. van den Berg, et
al., The use of microspectrofluorimetry for the characterization of lake pigments,
Talanta 74 (4) (2008) 922–929, https://doi.org/10.1016/j.talanta.2007.07.036.
[12] C. Miliani, F. Rosi, B.G. Brunetti, A. Sgamellotti, In situ noninvasive study of art-
works: the MOLAB multitechnique approach, Acc Chem Res 43 (6) (2010)
728–738, https://doi.org/10.1021/ar100010t.
[13] C. Miliani, D. Domenici, C. Clementi, F. Presciutti, F. Rosi, D. Buti, A. Romani, L.
Laurencich Minelli, A. Sgamellotti, Colouring materials of pre-Columbian codices:
non-invasive in situ spectroscopic analysis of the Codex Cospi, J Archaeol Sci
39 (2012) 672–679, https://doi.org/10.1016/j.jas.2011.10.031.
[14] M.J. Melo, R. Castro, P. Nabais, T. Vitorino, The book on how to make all the
colour paints for illuminating books: unravelling a Portuguese Hebrew illumina-
tors' manual, Herit Sci 6 (2018) 1–8, https://doi.org/10.1186/s40494-018-0208-z.
[15] T. Vitorino, M.J. Melo, L. Carlyle, V. Otero, New insights into brazilwood lake pig-
ments manufacture through the use of historically accurate reconstructions, Stud
Conserv 61 (2016) 255–273, https://doi.org/10.1179/2047058415Y.
0000000006.
[16] C. Miguel, J.V. Pinto, M. Clarke, M.J. Melo, The alchemy of red mercury sulphide:
the production of vermilion for medieval art, Dyes Pigments 102 (2014) 210–217,
https://doi.org/10.1016/j.dyepig.2013.10.041.
[17] L. Burgio, R.J.H. Clark, S.F. Muralha, T. Stanley, Pigment analysis by Raman mi-
croscopy of the non-figurative illumination in 16th- to 18th-century Islamic manu-
scripts, J Mol Struct 39 (2008) 1482–1493, https://doi.org/10.1002/jrs.2027.
[18] T.E. Arias, A.L. Montes, A.G. Bueno, A.D. Benito, R.B. Carcía, A study about
colourants in the Arabic manuscript collection of the Sacro-monte Abbey,
Granada, Spain. A new methodology for chemical analysis, Restaurador (2008)
76–106, https://doi.org/10.1515/rest.2008.005.
[19] A. El Bakkali, T. Lamhasni, M. Haddad, S.A. Lyazidi, S. Sanchez-cortes, E. Puerto,
Non-invasive micro Raman, SERS and visible reflectance analyses of coloring ma-
terials in ancient Moroccan Islamic manuscripts, J Raman Spectrosc 44 (1) (2012)
114–120, https://doi.org/10.1002/jrs.4154.
[20] F. Déroche, Islamic codicology: an introduction to the study of manuscripts in Ara-
bic script, Al-Furqan Islamic Heritage Foundation, London, 2005. ISBN:
978-1905122028.
[21] P. Roger-Puyo, S. Boucetta, Les matériaux de l’écrit et des décors dans des manu-
scrits islamiques provenant du Maghreb, J Islam Manuscripts 6 (2015) 311–334,
https://doi.org/10.1163/1878464X-00602010.
[22] N.M. Hamdan, H. Alawadhi, N. Jisrawi, Integration of μ-XRF, and μ-Raman tech-
niques to study ancient Islamic manuscripts, IOP Conf Ser Mater Sci Eng 37 (2012)
https://doi.org/10.1088/1757-899X/37/1/012006.
[23] M.P. Roger, S. Malika, F. Déroche, Les matériaux de la couleur dans les manuscrits
arabes de l'Occident musulman. Recherches sur la collection de la Bibliothèque
générale et archives de Rabat et de la Bibliothèque nationale de France (note d’ in-
formation), Comptes Rendus Séances Acad Inscriptions B 2 (2004) 799–830.
[24] A. Duran, M.L. Franquelo, M.A. Centeno, T. Espejo, J.L. Perez-Rodriguez, Forgery
detection on an Arabic illuminated manuscript by micro-Raman and X-ray fluores-
cence spectroscopy, J Raman Spectrosc 42 (2011) 48–55, https://doi.org/10.
1002/jrs.2644.
[25] A. Beny, A. Torres, J. Pablo, Andalusi binding: a model of Islamic binding from the
Iberian Peninsula, 14th-16th century, J Islam Manuscripts 6 (2015) 157–173,
https://doi.org/10.1163/1878464X-00602003.
[26] V. Tanevska, I. Nastova, B. Minceva-Sukarova, O. Grupce, M. Özçatal, M. Kavcic,
et al., Spectroscopic analysis of pigments and inks in manuscripts: II Islamic illumi-
nated manuscripts (16th – 18th century), Vib Spectrosc 73 (2014) 127–137, https:
//doi.org/10.1016/j.vibspec.2014.05.008.
[27] T.E. Arias, Estudio y tratamiento de un Corán manuscrito del siglo XV - biblioteca
de los Padres Escolapios, Granada PH Bol 15 (1997) 53–59, ISSN: 1136–1867.
[28] M. Biddle, Inks in the Islamic manuscripts of Northern Nigeria old recipes, modern
analysis and medicine, J Islam Manuscripts (2011) 21–35, https://doi.org/10.
1163/187846411X566869.
[29] D. Cardon, Natural dyes: sources, tradition, technology and science, Archetype,
London, 2007, ISBN: 190498200x.
[30] M. Lombard, Les textiles dans le monde musulman du VII⁠e au XII⁠e siècle, Éditions
de l'EHESS, Paris, 2012. ISBN: 978-2713200595.
[31] R. Oliveira, The book of birds in Portuguese scriptoria: preservation and access,
Doctoral dissertation Universidade Nova de Lisboa, Faculdade de Ciências e Tec-











M. Vieira et al. Dyes and Pigments xxx (xxxx) xxx-xxx
[32] R. Castro, A. Miranda, M.J. Melo, Interpreting lac dye in medieval written sources:
new knowledge from the reconstruction of recipes relating to illuminations in Por-
tuguese manuscripts, in: S. Eyb-Green, J. Townsend, K. Pilz, S. Kroustallis, I. van
Leeuwen (Eds.), Sources in art technology: back to basics, Archetype Publications,
London, 2016, pp. 88–99.
[33] M. Levey, Mediaeval Arabic bookmaking and its relation to early chemistry and
pharmacology, Trans Am Phil Soc 52 (4) (1962) 5–57, https://doi.org/10.2307/
1005932.
[34] C.S. Smith, J.G. Hawthorne, Mappae clavicula: a little key to the world of me-
dieval techniques, Trans Am Phil Soc 64 (4) (1974) 1–128, https://doi.org/10.
2307/1006317.
[35] D.L. Strolovitch, O libro de komo se fazen as kores das tintas todas (Translitera-
tion), in: L.U. Afonso (Ed.), As Materias da Imagem, Campo da Comunicação, Lis-
boa, 2010 https://www.dcr.fct.unl.pt/LivComoFazemCores.
[36] M.M. Merrifield, Medieval and renaissance treatises on the arts of painting: origi-
nal texts with English translations, vol. 36, Dover Publications, USA, 1999. ISBN:
978-0486404400213, ISBN: 978-9898465009.
[37] S. Neven, Les recettes artistiques du Manuscrit de Strasbourg et leur tradition dans
les réceptaires allemands des XVe et XVIe siècles (Étude historique, édition, tra-
duction et commentaires technologiques), Doctoral dissertation Université de
Liège, 2011.
[38] M. Clarke, Mediaeval painters' materials and techniques: the Montpellier liber di-
versarum arcium, Archetype, Londres, 2011. ISBN: 978-1904982647.
[39] N. Salvadó, S. Butí, M. Cotte, G. Cinque, T. Pradell, Shades of green in 15th cen-
tury paintings: combined microanalysis of the materials using synchrotron radia-
tion XRD, FTIR and XRF, Appl Phys Mater Sci Process 111 (1) (2013) 47–57, https:
//doi.org/10.1007/s00339-012-7483-4.
10
